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Abstract:  It has been reported that charges can be pumped out of an intermittently 
contacted p-n (or Schottky) junction, accompanied with mechanical to electric power 
conversion [1]. The amount of charge measured in the circuit, however, was observed 
to be 3 ~ 4 orders of magnitudes smaller than the space charge in the depletion 
regions of an ideal p-n (or Schottky) junction formed with the corresponding 
semiconductors (or metals). In this work, charge pum ing between p-type and n-type 
silicon is investigated using the first principles calculation with non-equilibrium 
Green function. We find that a large density of states is formed during silicon surface 
relaxation and they are further changed during hydrogenated process. The surface 
charges result in a surface potential barrier, which as a negative impact on electron 
and hole transfer between the contacted silicon surfaces. In addition, it is also found 
that the total charges in the depletion regions depend very sensitively on the air gap 
between the two silicon electrodes. More than 68% of the charges can be pumped out 
with a gap of 30 Å. These results suggest that intermittently contacted p-n junction 
could function as an efficient electric generator or mechanical sensor if the surface 
states and gap width are well controlled. 
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Although mechanical-to-electric power conversion has been realized with several 
fundamental working principles, there still exists a very big challenge to miniaturize 
electric generators for smart applications [2-6]. Till today, many micro/nano 
generators have been studied to pursue an extraordin ry capability of 
mechanical-electric power conversion [7-11]. The most extensively studied 
micro/nano generators are electrostatic generators [7, 8, 12-14], piezoelectric 
generators [9, 15, 16] and triboelectric generators [17-19]. A common characteristic of 
typical electrostatic, piezoelectric and triboelectric generators is that there is only 
displacement current, rather than conduction current, across the two electrodes so that 
the internal and external are coupled capacitively, l ading to a very high internal 
resistance. In 2018, we reported an electric generator based on a pair of 
semiconductor electrodes with distinct chemical potentials [1]. When the two 
electrodes are brought in contact, electrons diffuse from the n-type semiconductor 
(higher chemical potential) to the p-type semiconductor (lower chemical potential) 
due to the chemical potential difference. Once both electrodes are separated by 
mechanical power, the diffused electrons can be pumped out to the external circuit. 
Different from typical electrostatic, piezoelectric and triboelectric nanogenerators, thi 
generator generates both conduction current and displacement current. However, it 
was found that, with a prototype, actual charge output was only about 3 ~ 4 orders of 
magnitude smaller than the total charges in the depletion region of the ideal p-n 
junction formed with the corresponding doped semiconductors. The influences of 
non-ideal surfaces, i.e, the surface states/charges and atomic scale asperities induced 
non-prefect contact, on electron transfer and pumping in the intermittently contacted 
p-n junction still require an in-depth study.  
 
In this work, the influences of the surface charges and gap width on electron transfer 
between two silicon electrodes are systematically studied using the first-principles 
methods with non-equilibrium Green function (NEGF) [20]. Although several 
theoretical studies have been reported on the influe ces of interface barrier and 
surface chemical modification on the performance of triboelectric nanogenerators 
[21-24], they all discussed the contact electrification between metals and polymers. To 
our best knowledge, no research on electron transfer between two semiconducting 
electrodes has been conducted using first principles calculation. Moreover, the contact 
electrification mechanism between two semiconducting electrodes is not clear yet [1, 
25-27]. Our results demonstrate that the surface charges and small air gaps between 
the two contacted surfaces are the two killer factors hat have significant impacts on 
the pumped charges to the circuit.  
 
Computation procedure: 
The first-principles calculations are performed here using Atomistic ToolKit (ATK 








and surface states [29, 30]. The exchange correlation function for generalized gradient 
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) in the surface 
relaxation calculations is utilized [31]. The k-points are 9 × 9 × 1 and the cutoff 
energy is 30 	

. We begin with an ideal silicon (100) surface, whose side view 
is shown in Fig. 1a. The ideal silicon (100) surface is obtained by cleaving silicon 
(alpha) structure along (100) direction without any surface relaxation. To model a 
practical silicon (100) surface, we firstly relax the surface structure until the force on 
all atoms smaller than 0.01 Å with the stress error tolerance for 0.001 Å 
[32]. The side view of the relaxed silicon (100) surface is illustrated in Fig. 1b, in 
consistence with prior relaxed silicon (100) surface structure [32]. It is clearly seen 
that a few atomic layers from the surface are largey relaxed in comparison with the 
ideal surface (Fig.1a) as the surface relaxation is a long-range effect and it could 
affect a few layers beneath the surface layer. As the GGA-PBE method is not able to 
produce a proper bandgap in a semiconductor, we employ the meta-GGA function for 
the electronic structure calculations [33, 34]. In our electron transfer calculation, the 
brillouin zone of the silicon p-n junction is sampled by a 7 × 7 × 100 k-mesh with a 
double-zeta polarized basis for all atoms. In the electron transfer regime, the I-V 
curves are calculated using the NEGF [20]. The current across the silicon p-n junction 
can be calculated as follows: 









= −∫ ,        (1) 
where, () (()) and  () are the Fermi distribution function and chemical 
potential of the left (right) electrode, which are directly correlated with their doping 
concentrations.  is the electron transmission function and reflects the impact of the 
surface charges and gap width on electron transfer.  and ℎ are the unit charge and 
Planck’s constant, respectively. The spectral density matrix, (), can be calculated 
from the density matrix contributions from the left and right electrodes: 
( ) ( ) ( )L RE E Eρ ρ ρ= + .                 (2) 
The local density of states, (, 
), is calculated from the spectral density matrix: 
( , ) ( ) ( ) ( )ij i jijD E r E r rρ φ φ=∑ ,           (3) 
where  (
) is the real functions in solid harmonics, !  and "  are the electron 
orbitals. Then, the device density of states, (), of the relaxed silicon surfaces is 
calculated by integrating the local density of states over the space: 
( )( ) ,D E D E r dr= ∫ .                    (4) 
The electron difference density (EDD) in the p-n junction, ∆$(
), is defined as: 
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) is the electron density, $%(
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difference potential (HDP), ∆-(
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where ./ is the vacuum permittivity. From Eq. (2) to Eq. (6), the energy band 
diagram along the electron transfer direction for the contacted p-n junction can be 
obtained. 
 
Results and Discussion: 
Figs. 1c and 1d show the DOS of silicon (100) surface without and with the surface 
relaxation, respectively. From Fig. 1c, one can see that the DOS of surface layer (1, 2) 
of the ideal surface is very similar to that of the internal layer (6, 7) around the 
conduction band minimum (CBM) and the valence band maximum (VBM), 
suggesting that the interaction between the silicon surface and internal is negligible. 
In the surface relaxation, silicon (100) surface first forms a symmetric dimer which in 
turns induces an asymmetry in the electron landscape, under which we again optimize 
the structure to find the ground state asymmetric sucture. After the surface relaxation, 
the relaxed silicon surface is in reasonable consistence with a previous study where an 
asymmetric dimer reconstruction of silicon (100) surface was built [27]. The bandgap 
is reduced by around 0.31   (Fig. 1d) and a peak at the VBM is formed 
predominantly for the surface layers (1, 2), indicating a large influence of the relaxed 
silicon surface on the electronic states. Besides, the DOS of the internal layer (6, 7) 
shows only small difference from the ideal silicon surface in the whole energy range 
because the surface relaxation progress could affect a few layers beneath the surface 
layer. Obviously, the surface relaxation plays a prominent role not only in reaching 
the minimum free energy to have a higher stability, but also in the distribution of the 
surface electronic states.  
 








b, The side-view of the ideal and relaxed silicon (100) surface, respectively. Layers 1 
and 2 for the relaxed silicon surface in b are largely relaxed in comparison with layers 
1 and 2 for the ideal silicon surface in a. c and d, The DOS of the ideal and relaxed 
silicon (100) surface, respectively. After the surface relaxation, the bandgap is reduced 
and a peak at the VBM is formed in d, indicating a large influence of the surface 
relaxation on the electronic states. 
 
The ideal silicon p-n junction is formed through a perfect contact of an ideal n-type 
silicon (100) surface with another ideal p-type silicon (100) surface (Fig 1a), without 
leaving any dangling bonds or defects at the contacted interface. Thus, the ideal p-n 
junction can be regarded as a p-n junction formed by donor or acceptor 
diffusion/implantation processes in bulk silicon. I sharp contrast, the non-ideal p-n 
junction is constructed by a relaxed n-type silicon surface intimately contacted with a 
relaxed p-type silicon surface (Fig. 1b). All the surface dangling bonds are terminated 
by hydrogen atoms. Hydrogenation treatment here is in line with our previous 
experiments where silicon electrodes were treated in HF to have a higher mechanical 
to electric power conversion efficiency [1]. The accepter concentration for the p-type 
silicon and donor concentration for the n-type silicon are selected to be 1 × 100/ and 
5 × 102 34, respectively, for the following discussion. Fig. 2a shows the I-V 
curves of the ideal and non-ideal silicon p-n junctions. Although both p-n junctions 
exhibit apparent rectification characteristics, the current density of the ideal p-n 
junction is 1 ~ 2 order(s) of magnitude higher than that of the non-ideal p-n junction 
for the bias voltage between 0 and 1.0  . This suggests the non-ideal contact 
hinders electron transfer across the contacted relaxed surfaces. In the ideal p-n 
junction, the HDP decreases monotonically from the p-type to the n-type silicon 
across the entire p-n junction (Fig. 2b). The depletion region width in the n-type 
silicon, 56  (from the n-type silicon surface to the edge where Δ$(
) = 0) is 
about 195 Å. In contrast, the relaxed non-ideal surface introduces a perturbance in the 
HDP at the contacted surfaces so that HDP decays much faster than the ideal p-n 
junction and the depletion region width 569 is only 170 Å (Fig. 2b). Figs. 2c and 2d 
show the energy band diagrams of the ideal and non-ideal silicon p-n junction, 
respectively. With the accepter concentration being 2 orders of magnitude higher than 
the donor concentration, the depletion region width in the p-type silicon is much 
smaller than that in the n-type silicon. Note that the donor concentration of the n-type 
silicon electrode in this work is about 3 orders of magnitude higher than that used in 
the previous experiments [1]. Selection of a higher donor concentration here is 
restrained by our calculation capability.  Nevertheless, evaluation of the influences 
of the surface charges on electron transfer is not affected by selection of the donor or 
acceptor concentrations. The energy band diagrams across the entire ideal and 
non-ideal p-n junctions are shown in Figs. 2c and 2d. A band gap of 1.16  can be 
extracted at the two back ends of the silicon electrodes. Being consistent with the 
HDP distribution, an apparent “abyss” in the energy band diagram occurs in the 









Fig. 2. Electron transport property of the ideal and non-ideal contact p-n 
junction. a, The I-V curves and b, the HDP results for the ideal and non-ideal p-n
junction. The current density and depletion region width of the ideal p-n junction are 
significantly larger than those of the non-ideal p-n junction, respectively, suggesting 
the non-ideal contact hinders electron transfer across the contacted relaxed surfaces. c 
and d, The energy band diagrams for the ideal and non-ideal p-n junction, respectively. 
An apparent “abyss” in the energy band diagram occurs in the non-ideal contacted p-n 
junction. 
 
To study the influence of the doping concentrations  the HDP distribution in the 
non-ideal contacted p-n junction, several different donor and acceptor concentrations 
are selected. First, the calculation is conducted by increasing the accepter 
concentration, '; , from 5 × 10<  to 5 × 100/ 34 , while keeping the donor 
concentration, '=, unchanged at 5 × 102 34 (Fig. 3a). The calculation is then 
repeated with '=  increasing from 1 × 102 to 1 × 10< 34, while keeping '; 
unchanged at 1 × 100/ 34 (Fig. 3b). A general trend is that the depletion width 
increases with decreasing the doping concentration and the perturbance in the HDP 
distribution at the non-ideal contacted surfaces is more sensitively dependent on '= 
than ';. It is also seen that the HDP distribution is not perfectly converged with the 
device length of ~ 300Å for '= ~ 1 × 102 34, see the black curve in Fig. 3b. 
With '; ~ 1 × 100/ 34 and '= ~ 5 × 102 34  (used in Fig. 2b), the HDP 
distribution is found to be fully converged within the device length, see the red curve 
in Fig. 3b. The EDD at the relaxed surfaces is noticeably modulated by '= rather 








depict electron aggregation and depletion, respectiv ly. Hydrogen atoms (the surface 
passivation layer) tend to gain electrons from the bulk silicon as hydrogen atoms are 
more electronegative than silicon atoms, forming a negative surface charge layer. 
Clearly, the perturbance in the HDP is induced by the EDD at the surfaces, or, in other 
words, the surface charges. The details of the EDD at the edge of the depletion 
regions in the n-type silicon can be seen by the zoom-in views in the inset in Figs. 3c 
and 3d, respectively. 
 
Fig. 3. The HDP and EDD for the non-ideal contacted p-n junctions with 
different doping concentrations. The vertical gray dash line marks the non-ideal 
contact surfaces. a and b, The HDP results for several different doping concentrations. 
the depletion width increases with decreasing the doping concentration. c and d, The 
EDD results for the corresponding doping concentrations in a and b. Hydrogen atoms 
(the surface passivation layer) induce an electron redistribution at the contact surfaces. 
The insets in c and d, The zoom-in view of the EDD. 
 
When the p-type and n-type silicon are brought in contact, electrons (holes) transfer 
from n-(p-)type to p-(n-)type silicon due to their chemical potential difference. A 
built-in electric field is concurrently created and it then resists the diffusion so that a 
p-n junction is eventually established at thermal equilibrium. The chemical potential 
difference between the two silicon electrodes is fully dropped to the depletion regions 
whose widths reach their maximum. The space charges in the depletion regions are 
those positively ionized donors in the n-type silicon and negatively ionized acceptors 








small gap, say 30 Å, most of the potential drops to the gap and, consequently, the 
depletion regions must shrink drastically. The energy band diagram and the HDP are 
shown in Figs. 4a and 4b, respectively. The depletion region width ?69  (Fig. 4b) is 
much smaller than 569 (Fig. 2b). The influence of the gap width, @ on the HDP 
distribution is illustrated in Fig. 4c. With increasing @  from 0  to 180 Å , the 
depletion region width of the n-type silicon decreases from about 170 Å down to 
29 Å . In contrast, the EDD at the surface or surface charge maintains nearly 
unchanged. (Fig. 4d). 
 
Fig. 4. The energy band diagram, HDP and EDD for the relaxed silicon 
electrodes with a steady separation gap. a and b, The energy band diagram and 
HDP result for the two non-ideal n-type and p-type silicon electrode with a steady 
separation gap of 30 Å. Most of the potential drops to the air gap and the depletion 
regions shrink drastically. c and d, The influence of the gap width @ on the HDP and 
EDD, respectively. With increasing @, the depletion region width of the n-type silicon 
decreases significantly, while the EDD at the surface maintains nearly unchanged. 
 
Under the thermal equilibrium, the space charge density, 'C(D), in the n-type silicon 
can be determined by the difference between the ionized donor concentration and 
local electron concentration. The local electron cocentration can be obtained from 
the Boltzmann approximation and the potential distribu ion. In the depletion region of 
the n-type silicon electrode, electron concentration is much lower than the donor 








'C(D) decreases to about zero at the edge of the depletion region (Fig. 5a), yielding 
569 = 170 Å  in the contacted stage. Thus, the total space charge is, 
E, = F G 'C(D)@D
HIJ
/ = 3.8 × 10
K L for the p-n junction area F = 4 340. Note 
that as 569 is smaller than 56 N= 195 ÅO for the ideal p-n junction, E, is a factor 
of 1.7 smaller than the amount of total space charges for the ideal contact p-n junction 
(~ 4.4 × 10K L). This result indicates that existence of the surface charges has a 
negative impact on not only electron transfer (discus ed above), but also the space 
charges stored in the depletion region. After the two electrodes are separated by a 
steady separation gap @ from 0 to 30 Å with a step of 5 Å, the depletion width 
decreases from 170 to 102, 82, 69, 60, 54 and 51 Å, respectively (Figs. 5a and 
5b). Obviously, the initial several separations cause much more significant shrinking 
in the depletion region ?69 . For @ > 30 Å , the space charge concentration 
distribution shows less significant change (Fig. 5b). The amount of the charges that 
can be pumped to the circuit is ∆E = E, − F G 'C(D)@D
RIJ
/ = F G 'C(D)@D
HIJ
RI
J . ∆E 
as a function of @ in Fig. 5c shows that the main charge ‘pumping’ occurs for 
@ < 30 Å. The efficiency of the space charge ‘pumping’, ∆E E,⁄ × 100%, is as large 
as 68% for @ = 30 Å  (Fig. 5d). Moreover, the amount of charge ‘pumping’ 
for @ = 30 Å is about 2.6 × 10K L, which is more than 2 orders of magnitude larger 
than the charge pumping for @ from 150 to 180 Å (2.0 × 102 L). It is worth 
noting that ∆E E,⁄ × 100% increases with @ and it then tends to be saturated for 
@ ≥ 60 Å. This is caused by the surface charges or a surface potential barrier, which 
hinders the space charge being fully pumped out. The tunneling probability is 
analyzed using the Wentzel-Kramers-Brillouin approximation [35] and it is 
only ~ 0.08 for a gap of 5 Å, implying that the tunneling effect does not play n 








Fig. 5. Influences of a steady separation gap width from W to XYW Å on the 
space charge distribution in the non-ideal n-type silicon electrode and the charge 
‘pumping’ property.  a and b, The space charge distributions for different separation 
gap widths. The initial several separations cause much more significant shrinking in 
the depletion region. c and d, The amount of the charge remained in the depletion 
region E,9, charge pumped out to the circuit ∆E and the charge pumping efficiency 
∆E/E, as a function of @.  
 
In our prior experiments [1], the collected charge in the circuit was found to be 3 ~ 4 
orders of magnitude smaller than the space charge stor d in a corresponding ideal p-n 
junction. In view of the first-principles study presented here, the huge difference 
could originate from two main factors: (1) A high density of surface charges exist at 
the silicon electrode surfaces due to the surface relaxation and hydrogenation 
treatment. The surface charges hinder not only electron and hole diffusion across the 
non-ideal contacted surfaces but also the charge pumped out of the depletion region. 
An appropriate surface treatment may help to control surface charge. In our prior 
work [1], we reported that HF treatment of silicon electrode surface could control 
surface charges. Although different oriented silicon surfaces have different densities 
of dangling bonds, which induce different densities of surface charges at the silicon 
electrode surfaces, the chemical potential difference between both electrodes is 
dependent on the doping concentrations of the two silicon electrodes, rather than the 








still applicable for other silicon surfaces. (2) A small air gap exists between the 
contacted surfaces due to existence of the atomic-scale asperities. As the experiments 
were carried out with the electrode areas of 4 340, actual contact could be through a 
number of the asperities, leaving most of contacted surfaces with a small air gap. This 
could largely reduce the charge pumping efficiency. Above all, the unique electric 
generator could have a leap in the charge pumping performance if the surface charge 
and small air gap are well controlled. As a feasible approach, a small air gap could be 
reduced by utilizing a soft semiconductor as one of the contact electrodes or liquid 
metal contact, etc [36, 37]. The characteristic that a small gap of 30 Å could lead to 
68% of the charge to be ‘pumped’ to the circuit canbe a remarkable advantage over 
other electric generators for detection and/or energy harvesting of ultrahigh frequency 
small displacement mechanical motions.  
 
Conclusion: 
We have studied the influences of the surface charge nd separation gap between a 
p-type and n-type silicon electrode on the space charges in the depletion region using 
the first principles calculation with NEGF. The surface charges have a significant 
impact on the electric potential distribution in the depletion region, hindering electron 
and hole transfer across the contacted surfaces and charge pumping. With a small air 
gap of several nanometers, most of the charge stored in the depletion region of the 
contacted p-n junction can be ‘pumped’ out to the external circuit. 
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(1)  A large density of states are formed during silicon surface relaxation and they 
are further changed during hydrogenated process. 
 
(2) The surface charges result in a surface potential barrier, which has a negative 
impact on electron and hole transfer between the contacted silicon surfaces.  
 
(3) The total charges in the depletion regions depend very sensitively on the air gap 
between the two silicon electrodes. 
(4) Intermittently contacted p-n junction could function as an efficient electric 
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